Frequency effect on p-nitrophenol degradation under conditions of strict acoustic and electric control  by Zhu, Chang-ping et al.
Water Science and Engineering, 2011, 4(1): 74-82
doi:10.3882/j.issn.1674-2370.2011.01.007
                                                                             http://www.waterjournal.cn 
                                                                    e-mail: wse2008@vip.163.com
üüüüüüüüüüüüü
This work was supported by the National Natural Science Foundation of China (Grant No. 10974044), the 
Foundation of State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering (Grant No. 
2010490911), and the Fundamental Research Funds for the Central Universities (Grant No. 2009B31514). 
*Corresponding author (e-mail: cpzhu5126081@163.com) 
Received Jan. 12, 2010; accepted Sep. 14, 2010 
Frequency effect on p-nitrophenol degradation under 
conditions of strict acoustic and electric control  
Chang-ping ZHU*1, 2, 3, Bo HUANG1, Qing-bang HAN1, Cai-hua NI2, 4,              
Guang-jun ZHU4, Ming-hua LIU1, Ming-lei SHAN1 
1. College of Computer and Information Engineering, Hohai University, Changzhou 213022, P. R. China  
2. State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University,  
Nanjing 210098, P. R. China  
3. College of Information and Electrical Engineering, China University of Mining and Technology,  
Xuzhou 221008, P. R. China 
4. School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122, P. R. China 
Abstract: The process of decomposing p-nitrophenol (PNP) with power ultrasound requires strict 
control of acoustic and electric conditions. In this study, the conditions, including acoustic power 
and acoustic intensity, but not ultrasonic frequency, were controlled strictly at constant levels. The 
absorbency and the COD concentrations of the samples were measured in order to show the 
variation of the sample concentration. The results show significant differences in the trend of the 
solution degradation rate as acoustic power increases after the PNP solution (with a 
concentration of 114 mg/L and a pH value of 5.4) is irradiated for 60 min with ultrasonic 
frequencies of 530.8 kHz, 610.6 kHz, 855.0 kHz, and 1 130.0 kHz. The degradation rate of the 
solution increases with time and acoustic power (acoustic intensity). On the other hand, the 
degradation rate of the solution is distinctly dependent on frequency when the acoustic power and 
intensity are strictly controlled and maintained at constant levels. The degradation rate of the PNP 
solution declines with ultrasonic frequencies of 530.8 kHz, 610.6 kHz, 855.0 kHz, and 1 130.0 kHz; 
the COD concentration, on the contrary, increase.  
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1 Introduction 
It was first found that ultrasound can accelerate chemical reactions in a chemical 
laboratory at Princeton University in the 1920s. Sonochemistry has since become an important 
branch of chemistry. As a newly developed treatment technology, power ultrasound used for 
toxic and hazardous wastewater treatment has the advantages of easy operation, fast 
degradation, and non-secondary pollution. The compound p-nitrophenol (PNP) is a common 
organic pollutant existing in wastewater from industrial processes used to create dyes, 
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pesticides, and petrochemicals. PNP is difficult to biodegrade, and it can cause 
methemoglobinemia and damage the liver if it is absorbed through the skin or the respiratory 
tract, so the United States Environmental Protection Agency considers PNP one of the most 
deleterious pollutants and places it high on the list of control priorities (Tang et al. 2007). In 
recent years, many experts and scholars have dealt with PNP using physical and chemical 
methods, separately or jointly, and made a series of achievements (Huang et al. 1995; 
Yschmenev et al. 2004; Zhou et al. 2007; Sripriya et al. 2007; Tamer et al. 2007; Wan et al. 
2007; Bo et al, 2006). Sivakumar et al. (2002) studied ultrasonic degradation of PNP with the 
two frequencies of 25 kHz and 40 kHz separately and jointly, and found a significant 
synergistic effect in the latter process through comparison of the parameters and kinetics. Shi 
et al. (2006) found that the degradation rate can rise above 95% when the ultrasonic method 
and ozonation technique are combined. Peng et al. (2007) found that the degradation rate can 
rise above 90% when a PNP solution of 10 mg/L is subjected to ten minutes of synergistic 
ultrasonic electrolysis in which the ultrasonic frequency is 40 kHz. The results show that many 
factors impact ultrasonic water treatment effects, including physical factors such as frequency, 
acoustic power, acoustic intensity, and the physical structures of sonochemical reactors (sound 
field distribution); and chemical factors such as the original concentration of the solution and 
pH. The ultrasonic frequency is one of the most important factors. In previous experiments, 
most researchers (Zhou et al. 2007; Sripriya et al. 2007; Tang et al. 2007; Tamer et al. 2007; 
Wan et al. 2007) only used one or two frequencies, or ignored the effects of acoustic power 
(acoustic intensity) on the experimental results when examining the factor of frequency in 
degradation because of the limits of the experimental equipment. For example, although 
acoustic power is sometimes constant, the acoustic intensity is inconsistent when the 
transducer irradiation areas are different. Huang et al. (1995) found that ultrasonic cavitations 
change significantly when acoustic power and other conditions are the same, except in the 
effective irradiation area. Most studies (Shi et al. 2006; Peng et al. 2007) use input power of 
the ultrasonic transducer as the basic parameter for the comparison of frequency effects. 
However, this is unreasonable because the electro-acoustic conversion efficiency of each 
transducer is different and the acoustic power irradiating with the same input power is different.  
In this study, we strictly controlled the production process of the ultrasonic transducer, 
the tuning of the driver circuit, and the testing of acoustic power (acoustic intensity) of the 
sonochemical reactor in the experiment. According to the mechanism of ultrasonic degradation, 
in the range of high frequencies, the formation and collapse of cavitation bubbles speed up, 
and free radicals enter into the body of the liquid more readily, but the acoustic cycle is short, 
the cavitation bubble is small, the cavitation limit is large, and there is a low level of intensity. 
Frequencies of 530.8 kHz, 610.6 kHz, 855.0 kHz, and 1130.0 kHz were used in the experiment, 
in order to explore the effect of ultrasonic degradation with low power and high frequencies. 
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2 Experimental setup 
The so-called frequency effect is the effect of different frequencies of the ultrasonic wave 
with the same acoustic power (acoustic intensity) irradiation on sonochemistry. With 
advancements in electronic technology and the development of ultrasonic material, the 
technology relating to the control of ultrasonic frequency is mature at present, but the control 
and measurement of acoustic power (acoustic intensity) in sonochemical reactors is still 
technically difficult. 
2.1 Development of sonochemical reactor and measurement of acoustic 
 power 
In order to strictly control the acoustic conditions in the process of making sonochemical 
reactors, all of the piezoelectric ceramics had the same sectional area (with a diameter of 50 mm), 
shell and back structure material, production process, and production batch, but not the same 
thickness. A single-frequency sonochemical reactor and a series of sonochemical reactors with 
different frequencies are shown in Fig. 1. 
 
Fig. 1 Sonochemical reactors 
In the experiment, the acoustic power was measured with a digital ultrasound wattmeter 
(model: WU-4; measurement range: 0.1 W to 30 W; input power level: 0 W to 30 W; input 
frequency: 0.5 MHz to 10 MHz; resolution: 0.1 W), which is based on the ultrasonic pressure 
irradiation theory. The de-aired water (the gas content in the water was 32.3 10  mg/Lu  and the 
flux was 10 L/min) was made by the Jiangsu Province Medical Instrument Testing Institute. 
A schematic of the detection device is shown in Fig. 2. In the experiment, a series of 
ultrasonic transducers with different frequencies, made by the authors, were immersed at 
fixed positions of the digital ultrasound wattmeter filled with de-aired water. The digital 
ultrasound wattmeter readings were observed by regulating the output power of the power 
amplifier. It was not easy to produce cavitations, because of the lack of bubbles in the 
high-purity de-aired water. After several rounds of measurement, the result was stable. 
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Fig. 2 Testing of acoustic power of sonochemical reactor  
2.2 Control of electric parameters and resonant frequency of reactor 
In order to strictly control electric conditions, we matched the sonochemical reactor 
with the signal generator, a broadband high-frequency power amplifier, and a broadband 
digital oscillograph based on the matching principle of the ultrasonic transducer (Pan and 
Zhu 2007). In the process of tuning in each experiment group, the standard sine wave output 
amplitude was 1 V and the frequency was fixed through adjustment of the signal generator 
and broadband high-frequency power amplifier. Then, the PAE (power amplifier export) was 
set, while the values of FP (forward power), LP (load power), and RP (reflective power) were 
observed. The waveform of the transducer was observed through the digital oscillograph when 
 and , and the waveform distortion was minimized through mild adjustment 
of the digital oscilloscope so that the output frequency was close to the natural frequency of 
piezoelectric ceramics. 
RP 0 FP LP 
2.3 Materials and instruments  
The experimental materials and instruments were produced or manufactured as follows: 
PNP (analytical reagent) by Shanghai RichJoint Chemical Reagents Co., Ltd.; H2SO4 
(analytical reagent) by the Changzhou Chaoyang Chemical Reagent Factory; de-aired water 
by the Jiangsu Province Medical Instrument Testing Institute; the electric balance by Shanghai 
Precision and Scientific Instrument Co., Ltd. (model: FA1604; precision: 0.1 mg); the pH 
meter by the Shanghai REX Instrument Factory (model: pHS-3C; precision: 0.01); the digital 
ultrasound wattmeter by the Fluke Biomedical Corporation; the signal generator by Good Will 
Instrument Co., Ltd. (model: GFG-3015; operation frequency: 10 MHz to 15 MHz); the power 
amplifier by T&C Power Conversion, Inc. (model: AG1016; operation frequency: 0.02 MHz 
to 6 MHz; FP limit at 50 ȍ load: 603 W); the oscillograph by Tektronix, Inc. (model: 
TDS1012; bandwidth: 100 MHz); the UV spectrophotometer by Beijing Purkinje General 
Instrument Co., Ltd. (model: T6S; range of wavelength: 190 nm to ; range of light 
waves: –0.3 A to 3 A); the multi-parameter water quality measurement tool by Beijing 
Shuanghui-Jingcheng Electronic Products, Ltd. (model: CM-05; range of measurement: 10 mg/L 
to ); the thermometer by Beijing Oriental Mingguang Electronic Science and Tech 
Co., Ltd. (model: WT-1; range of measurement: –50ć to 300 ); and the piezoelectric ć
ceramics sonochemical reactor by the authors, in a column form, with an inner diameter of 
 1100 nm
 2500 mg/L
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50 mm and a practical cubage of 80 mL. 
A schematic of the experimental device is shown in Fig. 3. In the experiment, the 
frequency of the output signal generator was set by bringing it into accordance with the 
syntonic frequency of each sonochemical reactor. Then, the sine wave, whose amplitude was 
1 V, came from the signal generator to the broadband high-frequency power amplifier, and the 
sonochemical reactor was driven through adjustment of the output power of the power 
amplifier in order to treat the PNP solution. The wave of the ultrasonic transducer was 
observed with a digital oscillograph, and the temperature of the PNP solution was regulated by 
recurrent use of cooling water and monitored by a digital thermometer. The absorbency of the 
PNP solution was detected by a UV spectrophotometer at a wavelength of 316.8 nm. The 
normal calibration curve of concentration-absorbency was drawn through linear curve-fitting 
and Eq. (1):  
      = 0.0159  0.00014 10C A  u  (1) 
where C is the PNP concentration (g/L), and A is absorbency.  
 
Fig. 3 Experimental schematic diagram of ultrasonic degradation 
2.4 Ultrasonic irradiation  
In order to reduce the effect of natural light irradiation on the experimental results, the 
experiments were carried out in dark conditions. A standard solution of PNP (with a 
concentration of 114 mg/L and a pH value of 5.4) was made before the degradation, and the 
ultrasonic reactors with various frequencies were also made by the authors. A PNP solution of 
80 mL with an initial concentration of 114 mg/L was dropped into a sonochemical reactor. The 
PNP solution was irradiated by ultrasound for 60 min at different frequencies and the output 
power of the high-frequency power amplifier was 4 W after tuning. These samples were diluted 
by 10 times to accord with the UV absorption spectra of the testing spectrum. Absorbency of 
PNP samples was tested at a wavelength of 316.8 nm at the ambient temperature.  
3 Results and discussion 
The concentration of PNP samples can be obtained through measurement of absorbency 
and calculated by Eq. (1), and the degradation rate can be obtained by Eq. (2):  
 0d
0
 
  =  100% 
C CR
C
 u  (2) 
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where dR  is the degradation rate, and  and C  are PNP concentrations before and after 
ultrasonic irradiation, respectively (mg/L).  
0C
Fig. 4 and Fig. 5 show the variation of the concentrations of the PNP solution and COD 
with irradiation time when the acoustic power was 5.3 W and the ultrasonic frequency was 
530.8 kHz. Both the PNP concentration and COD concentration decline with the increase of 
irradiation time. The variation of PNP concentration with acoustic power is shown in Fig. 6. 
The degradation rate can be calculated by Eq. (2), and the results are displayed in Fig. 7. The 
degradation rate of the PNP solution is 13.6% when the ultrasonic frequency is 530.8 kHz, 
acoustic power is 5.3 W, the initial concentration is about 114 mg/L, and the irradiation time is 
60 min; under almost the same conditions except for a different ultrasonic frequency 
( ), the PNP degradation rate is only 0.05%. Fig. 8 shows the variation of COD 
concentrations in the PNP solution with ultrasonic frequency after an irradiation time of 
60 min. The COD concentration in the PNP solution is 162.78 mg/L when the ultrasonic 
frequency is 530.8 kHz, acoustic power is 5.3 W, the original COD concentration is 174.51 mg/L, 
and the irradiation time is 60 min. However, with a different ultrasonic frequency 
( ) and a different acoustic power condition (8.0 W), the COD concentration is 
189.54 mg/L. 
 1130.0 kHz
 1130.0 kHz
 
    Fig. 4 Variation of PNP concentration with        Fig. 5 Variation of COD concentration with        
          irradiation time (530.8 kHz, 5.3W)             irradiation time (530.8 kHz, 5.3W)   
     
   Fig. 6 Variation of PNP concentration with        Fig. 7 Variation of degradation rate of  
                    acoustic power                            PNP with acoustic power
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Fig. 8 Variation of COD concentration with frequency 
Ultrasonic irradiation can be used for dechlorination and denitration of materials, and can 
also cause benzene ring fracture or change its structure. Compared with the non-polar and 
volatile organic compound, the polar and volatile organic compound is degraded slowly by 
ultrasound. The pathway of degradation is mainly in the cavitation bubble and oxidation of 
OH– at the surface layer. Therefore, when ultrasound is used to treat organic hydrocarbon 
pollutants, phenol pollutants, and organic aromatic pollutants in practice, its optimum 
frequency should be different. The reasons for this phenomenon are related to the mechanism 
of ultrasonic cavitations. Ultrasonic cavitations are an extremely complex physical and 
chemical process. In this process, some tiny bubbles are activated by power ultrasound, and 
the process contains a series of dynamic steps through which the nuclear bubbles oscillate, 
grow, shrink, and collapse (Feng and Li 1992). The process concentrates the acoustic energy 
and releases it rapidly, but not all of the ultrasonic cavitations can result in significant 
cavitation effects. The energy of ultrasound and cavitation bubbles can reach their maximum 
only when the ultrasonic frequency is the same as the natural frequency of cavitation bubbles. 
The relationships between the circular frequency of ultrasound and syntonic frequency of 
cavitation bubbles, and between radius change of cavitation bubbles and irradiation time when 
power ultrasound acts on the water solution, can be obtained by a vibration equation of 
cavitation bubbles’ walls (Huang et al. 1995). Therefore, the yield of cavitations will reach its 
maximum in syntonic frequency. The threshold of cavitations rises when ultrasonic frequency 
increases within a certain scope, and the effects of degradation weaken. Thus, within a certain 
range, as the ultrasonic frequency increases, the parameters of the PNP solution, including the 
degradation rate, change significantly. Some parameters change gradually when frequency 
increases in other ranges, and some even remain constant when frequency increases beyond a 
certain range.  
4 Conclusions 
The following conclusions can be drawn from this study: 
(1) The concentrations of the PNP solution and COD decline with the increase of 
irradiation time and acoustic power when using power ultrasound to decompose PNP solution. 
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(2) The degradation rate of the PNP solution (with a concentration of 114 mg/L and a pH 
value of 5.4) declines and the COD concentration increases as the ultrasonic frequency 
increases within the range of 530.8 kHz to 610.6 kHz when the acoustic power ranges from 
5.3 W to 8.1 W. 
(3) When ultrasonic power at frequencies of 530.8 kHz, 610.6 kHz, 855.0 kHz, and 
1 130.0 kHz are used to decompose the PNP solution, it can be seen from the trend that the 
degradation rate is highest when the frequency is 530.8 kHz, and is the lowest with the same 
ultrasonic power when the frequency is 1 130.0 kHz. 
Frequency is a key parameter affecting the degradation through the acoustic cavitations’ 
mechanism when power ultrasound is used in the treatment of an organic wastewater solution. 
However, some difficulties were found in the experiment process when the frequency effects 
were studied, including technical limitations of the manufacturing process and the high costs 
of highly efficient sonochemical reactors and the broadband high-frequency power amplifier. 
Besides, it is difficult to measure acoustic power or acoustic intensity in the sonochemical 
reactors during the degradation process. Although Shou et al. (1998) show that some 
researchers have measured the acoustic power or acoustic intensity in the solution with the law 
of calorimetry or irradiation pressure, the precision still needs to be improved because of the 
complexity of sound field distribution, measurements, and calculations. In this study, some 
instruments, such as the broadband high-frequency power amplifier, the digital ultrasound 
wattmeter, and the piezoelectric ceramics sonochemical reactor, were used, and through use of 
de-aired water, the acoustic and electric conditions were strictly controlled. Furthermore, the 
results of experiments can be repeated. 
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